ABSTRACT: Two 4-styrylphthalhydrazides bearing crown ether moieties as ionophores were prepared and their chemiluminescence behavior was investigated. Their aerobic oxidation in the presence of excess tert-BuOK in DMSO provided the chemiluminescence with much shorter emission wavelengths than those of the corresponding phthalate dianions, indicating that the emission arose from the excited pthalates incorporated with potassium ions at the ionophore sites.
INTRODUCTION
The chemiluminescence of phthalhydrazides is based on their oxidation reactions that form fluorescent phthalate dianions in the excited states (1) . Of a number of various phthalhydrazides, luminol (2-aminophthalhydrazide) is the most popular and frequently used as a chemiluminescent compound, whose noticeable feature is to act as an analytical tools by emitting light as the signal indicating the presence as well as the amount of widespread target substances such as blood for a criminal investigation (2) . There have been various extensions of the phthalhydrazide chemiluminescence, many of which are structural modifications not only to enhance the emission efficiency, but also used for determination of certain chemical species (3, 4) . However, only a few chemiluminophores with ionophores (5, 6) have been studied to date, and the potential application as a molecular recognition system is suggested. On the other hand, we have recently reported (7) that 2 during the chemiluminescent oxidation of various 4-styrylphthalhydrazides, the emitter and the emission intensity as well as the emission wavelength are highly dependent on the electronic nature of the substituents attached to the styryl groups. These studies prompted us to investigate the chemiluminescence of new 4-styrylphthalhydrazides bearing ionophores such as crown ethers. In this paper, we report their chemiluminescence behavior due to the interaction of the ionophores and metal cations.
MATERIALS AND METHODS

Preparation of materials
Two crowned benzaldehydes, 4'-formylbenzo-15-crown-5 and 4'-formylbenzo-18-crown-6, and dimethyl 4-(dimethylphosphono)methylphthalate were prepared according to the established methods (4). Figures 1A and 1B) , respectively, which were identical to the fluorescence spectra of the corresponding 4-styrylphthalate dianions, 3 and 4, in the presence of excess tert-BuOK (Figures   1Ca and 1Da ). These chemiluminescence spectra around 400 nm were the emissions from the excited phthalate dianions incorporated with the potassium cations in the crown cavities ( Figure   5 2A), because both 3 and 4 in DMSO showed their fluorescence spectra at 452 nm (Figures 1Cb and   1Db ), a much longer wavelength with stronger intensities than that observed in the absence of tert-BuOK. No significant effect of the potassium ion on the fluorescence spectrum of the dipotassium 4-styrylphthalate lacking of an ionophore site supports such an interaction of 1 and 2 between the crown sites and potassium ions. Interestingly, additional emissions around 520 nm for both 1 and 2 were detected ( Figures 1A and 1B) , which were assigned to the emission from their excited monoanions as described below. Previously, we reported (7) Although an accurate comparison was difficult because of the complexity of the chemiluminescence of both 1 and 2 giving two emitters, the relative total chemiluminescence quantum yields of luminol to 1 was almost in the ratio of 1 : 0.62, and 1 exhibited about a 4 times stronger chemiluminescence than 2. As mentioned above, the chemiluminescence spectra of 1 and 2
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were accompanied by additional emissions at 520 nm 533 nm, respectively, much longer wavelengths than the fluorescence of 3 and 4. It is known (9) that when a simple phthalhydrazide is subjected to the chemiluminescent reaction, the emitter is not the non-fluorescent phthalte dianion, 7 but the excited phthalhydrazide monoanion generated by an energy transfer from the excited phthalate dianion, exhibiting a chemiluminescence at 526 nm. A similar phenomenon has been found in our study using the 4-styrylphthalhydrazides (7); when the phthalate dianion, the final reaction product, was weakly fluorescent, the chemiluminescence reaction of the corresponding phthalhydrazides provided two emitters, one of which was the phthalate dianion and the other phthalhydrazide monoanion. The chemiluminescence accompanied by two emitters in the present study is also the case with emissions around 520 nm for the reaction of 1 and 2 that arose from their monoanion as shown in Figure 2B . Thus, binding of the potassium ion into the crown cavity was found to control the chemiluminescence behavior. The emission from the phthalhydrazide monoanion seems to be stronger in the reaction of 2 than that of 1, which suggests that the crown moiety of 2 binds a potassium ion more tightly than that of 1. This would be adequate, considering the greater stability constant between the potassium ion and 18-crown-6 than that between potassium ion and 15-crown-5 (10). The possibility of the formation of a 2:1 sandwich complex by two 15-crown-5 moieties and one potassium ion cannot be excluded as previously documented (11) .
Next, we explored the chemiluminescence behavior of 2 in the presence of various metal cations. To set up the chemiluminescence system without metal cations, the reaction of 2 was first carried out using aqueous hydrogen peroxide and tetrabutylammonium hydroxide (TBAH) in acetonitrile. This reaction provided the chemiluminescence at 448 nm, which was in good agreement with the fluorescence spectrum of 4 in the same solvents, but showed no other emission peak. The measurements of the chemiluminescence quantum efficiency, Φ CL , in the presence of LiI, NaI, KI, K 2 CO 3 and Rb 2 CO 3 were carried out under this oxidation system, and the results are summarized in Table 1 . If the crown moiety acts as an ionophore for the metal cations under the above described conditions, the coexisting metal cations would provide the various chemiluminescence intensities. Unfortunately, no significant difference in Φ CL depending on the kind of metal ions was detected. The values of Φ CL using the metal iodides were ten times smaller than the case in the absence of them, and the decrease in Φ CL for the reactions using iodides is not due to the heavy atom effect due to no difference in Φ CL between K 2 CO 3 and Rb 2 CO 3 , but probably due to the decomposition of the peroxide species by the iodide ion with a low redox potential. The use of the carbonates resulted in the almost the same efficiencies as the operation without the additives, but no difference between K + and Rb + was found. The absence of any effect by the ionophore is probably due to the solvation of the metal cations by water that would inhibit the chelation to the crown moiety (12) . It is also interesting to note that no effect of the ionophore on the chemiluminescence in the aqueous system is related to the fact that the phthalate dianion was detected as only one emitter, namely, the fluorescence intensity of the phthalate dianion did not decrease due to the absence of the interaction between the potassium ion and the crown site, and consequently, strong enough to be an emitter itself. In order to emphasize the difference in the chemiluminescence intensity depending on the kind of metal cations, it will be necessary to use the ionophore that strongly captures metal cations even in water.
CONCLUSION
The newly prepared 4-styrylphthalhydrazides bearing the crown ether moieties exhibited a chemiluminescence in a much shorter emission wavelength region in the presence of excess amount of potassium ions than was expected for the corresponding phthalate dianions, which is due to the host-guest interaction between the potassium ions and the crown moieties. Binding of the potassium ion in the crown cavity controls the chemiluminescence behavior to provide two emitters, the phthalhydrazide monoanions as well as the phthalate dianions. In an aqueous system, the interaction between the metal cation and the crown site is not detectable, the emitter is only the phthalate dianion, and consequently, no significant difference in the chemiluminescence efficiency was detected in the presence of various metal cations.
